A single episode of status epilepticus (SE) induces neuropathological changes in the brain that may lead to the development of a permanent epileptic condition. Most studies of this plasticity have focused on the hippocampus, where both synaptic function and intrinsic neuronal excitability have been shown to be persistently modi®ed by SE. However, many other brain structures are activated during SE and may also be involved in the subsequent epileptogenic process. Here we have investigated whether SE, induced in rats with pilocarpine and terminated after 40 min with diazepam, persistently modi®es the intrinsic excitability of pyramidal neurons in the subiculum. Subicular slices were prepared from control and SE-experienced rats (2±5 weeks after SE). In the control group, only 4% of the neurons ®red bursts in response to intrasomatic, threshold-straddling depolarizing current pulses (low-threshold bursters). The remaining neurons either ®red bursts in response to strong (3Q threshold) depolarizations (35%; high-threshold bursters) or ®red in a completely regular mode (61%; nonbursters). In the SE-experienced group, the fractions of low-and high-threshold bursters markedly increased to 29% and 53%, respectively. This change in ®ring behaviour was associated with a marked increase in the size of the spike afterdepolarization, particularly in low-threshold bursters. Experimental suppression of Ca 2+ currents selectively blocked low-threshold bursting but did not affect high-threshold bursting, suggesting that a dual Ca 2+ -dependent and Ca 2+ -independent mechanism controls bursting in these neurons. The persistent upregulation of intrinsic bursting in the subiculum, in concert with similar changes in the hippocampus, undoubtedly contributes to epileptogenesis following pilocarpine-induced SE.
Introduction
Status epilepticus (SE), de®ned as a condition of prolonged, uninterrupted seizure activity (Gastaut, 1983) , results in a large number of structural and functional changes within the hippocampus and adjacent temporal lobe structures (Coulter & DeLorenzo, 1999; Sloviter, 1999; Ben Ari, 2001 ) which may lead to the development of temporal lobe epilepsy (Fountain, 2000) . These include reorganization of excitatory axons (e.g. Sutula et al., 1989) , augmentation in function of excitatory neurotransmitter receptors (e.g. Turner & Wheal, 1991; Lothman et al., 1995; Chen et al., 1999) and decrease in the ef®cacy of g-amino-butyric acid A receptor-mediated inhibition (e.g. Mangan et al., 1995; Gibbs, III et al., 1997; Cossart et al., 2001) . Recently, we have shown that, in addition to inducing synaptic plasticity, SE may also alter the intrinsic neuronal behaviour of hippocampal neurons. A single episode of SE, induced by injection of the muscarinic agonist pilopcarpine, caused a large fraction of CA1 pyramidal cells to convert from regular ®ring to burst-®ring mode, a change that persisted for many weeks after its induction (Sanabria et al., 2001) . This change was not observed in pilocarpine-treated rats that did not develop SE. In the latter group of rats, most CA1 pyramidal cells ®red in a regular mode, as found in naive rats (Sanabria et al., 2001 ).
The dramatic change in ®ring mode observed in the CA1 area raised the question whether this form of plasticity is unique to CA1 pyramidal neurons or may also affect neurons in other areas of the brain. We investigated this issue in the subiculum, an extrahippocampal structure which serves as a main output area for the hippocampal formation (Finch & Babb, 1981; Van Groen & Wyss, 1990 ). Here we report that pilocarpine-induced SE also causes a marked increase in the fraction of bursting pyramidal neurons in the subiculum, suggesting that plasticity of intrinsic ®ring mode may be a widespread phenomenon.
for slice experiments 2±5 weeks after SE. A group of untreated, agematched rats was used as the control group.
Hippocampal slices
Animals were decapitated under ether anaesthesia, the brains rapidly removed and placed in cold (4°C) arti®cial cerebrospinal¯uid (ACSF). Slices (400 mm thick) were cut with a vibratome (Leica, Germany) , and the portions containing the hippocampus and subiculum were dissected out. Individual slices were placed on a nylon mesh support in an interface chamber at 33.5°C and perfused from below with oxygenated (95% O2±5% CO 2 ) arti®cial cerebrospinal¯uid (ACSF).
Chemicals
Standard ACSF contained (in mM): NaCl, 130; KCl, 3.5, NaH 2 PO 4 , 1.25; MgSO 4 , 2; CaCl 2 , 2; NaHCO 3 , 26; and D-glucose, 10. In Ca 2+ -free ACSF, CaCl 2 was replaced with 2 mM MgCl 2 . In Ni 2+ ACSF, 1 mM MgCl 2 was replaced with 1 mM NiCl 2 . In the latter solution NaH 2 PO 4 was omitted. All drugs were from Sigma.
Electrophysiological recordings
Intracellular recording sharp glass microelectrodes were ®lled with 2 M K-acetate (80±120 MW). An active bridge circuit in the ampli®er (Axoprobe 2B, Axon Instruments) allowed simultaneous injection of current and measurement of membrane potential. The intracellular signals were ®ltered on-line at 5 kHz, digitized at a sampling rate of 10 kHz and stored by a Pentium personal computer using an acquisition system (pClamp, Axon Instruments).
Data analysis
Passive and active intrinsic properties were measured as described previously . Brie¯y, small (0.05±0.4 nA), 175-ms-long negative and positive current pulses were injected into the cell. The input resistance was calculated by plotting the steady-state voltages vs. negative current amplitudes and measuring the slope of a linear regression of the plot. Spike threshold was de®ned as the membrane potential where the slope of the voltage trace increased abruptly during membrane charging induced by positive current pulses. Spike amplitude was measured as the voltage difference between the peak of the action potential and resting membrane potential. The fast afterhyperpolarization (AHP) was measured as the membrane voltage at the bottom of the notch that separates the fast spike from the afterdepolarization (ADP). The size of the ADP was provided by the area under the voltage waveform (i.e. the integral voltage over time), from the fast AHP to the point at which the voltage trace returned to the resting membrane potential. Averaged data are expressed as mean T SEM. The signi®cance of the differences between the measured parameters was evaluated using unpaired Student's t-test with a signi®cance level of P < 0.05.
Results

SE-induced changes in intrinsic ®ring patterns of subicular neurons
To characterize their ®ring patterns, subicular pyramidal cells from control and SE-experienced rats were impaled and injected with long (175 ms) and brief (4 ms) suprathreshold positive current pulses. A spectrum of intrinsic discharge patterns was observed in subicular neurons from both groups, similar to that found in CA1 pyramidal neurons (Jensen et al., 1994 . One fraction of the neurons was comprised of regular ®ring neurons, or`nonbursters'. These neurons generated a series of independent spikes in response to long positive current pulses (Fig. 1 A, panel a) and a single action potential in response to a brief stimulus (Fig. 1A, panel b) . A second group of neurons responded with a burst discharge (de®ned in our studies as a tight cluster of three or more spikes, riding on a distinct depolarizing envelope), but only to strongly depolarizing (» 3Q threshold) positive current pulses (Fig. 1B, panel a, upper trace) . These neurons were therefore termed`high-threshold bursters'. Finally, in some subicular neurons, burst discharges could be elicited by thresholdstraddling stimuli (Fig. 1C, panels a and b) , and in some cases even by brief (4-ms) stimuli (Fig. 1C , panels c and d). These neurons were collectively referred to as`low-threshold bursters'.
The distributions of the three classes of subicular pyramidal cells in control and SE-experienced animals are depicted in Fig. 2 . In the control group ( Fig. 2A ; n = 55), the majority of subicular neurons (61%) were nonbursters. Most of the remaining neurons (35%) were high-threshold bursters. Only a small fraction (4%) of subicular neurons had a low-threshold bursting pattern. This distribution is reminiscent of the heterogeneity in the intrinsic discharge behaviour described previously in normal subiculum, though the proportion of bursters in our survey was lower (Mattia et al., 1993; Behr et al., 1996; Mattia et al., 1997a; Jung et al., 2001) . In SE-experienced rats, however, the propensity of subicular neurons to ®re bursts changed dramatically ( Fig. 2B ; n = 137). While the fraction of nonbursters decreased to 18%, the proportions of high-and low-threshold bursters increased to 53% and 29%, respectively. Thus, these ®ndings demonstrate that a single episode of SE can cause a marked and persistent up-regulation of bursters, in particular a seven-fold increase in the proportion of low-threshold bursters.
SE-induced changes in passive and active membrane properties of subicular neurons
To resolve the mechanism responsible for the augmented burst-®ring in SE-experienced vs. control subicular pyramidal neurons, we compared some of their passive and active membrane properties. As summarized in Table 1 , subicular neurons in control and SEexperienced tissue had similar resting potentials and spike thresholds. They differed slightly, albeit signi®cantly, in their membrane input resistance (13% reduction) and time constant (23% increase) and in their action potential amplitude (5% reduction). More importantly, the size of the spike ADP was found to be substantially increased in SE-experienced over control subicular tissue (31% increase; see Table 1) .
We have previously shown that the size of the spike ADP is positively related to the neuron's propensity to generate a burst . Therefore, we compared this parameter in different classes of subicular neurons (Fig. 3) . The spike responses evoked by brief stimuli in four different subicular neurons are overlaid in Fig. 3A . Progressing from the nonburster (control rat; trace a), through the high-threshold burster (control rat; trace b), to the two low-threshold bursters (SE-experienced rats; traces c and d), the respective ADPs increase in size. Comparative analysis of ADP size in the different classes of subicular neurons did not yield a signi®cant difference between nonbursters and high-threshold bursters in either control or SE-experienced rats (Fig. 3B ). In the SEexperienced group, however, even low-threshold bursters which elicited one spike in response to a brief stimulus (e.g. Fig. 1C , panel b) displayed signi®cantly, about two-fold larger ADPs (235.5 T 22.9 mV ms, n = 10) than either high-threshold bursters (131.3 T 9.0 mV ms, n = 14) or nonbursters (131.7 T 13.1 mV ms, n = 11; Fig. 2B ). We did not include in these comparisons the ADPs in neurons which also ®red bursts in response to brief stimuli, because they were reinforced by the additional spikes. Yet, from inspection of their initial phase, it was apparent that they were much larger than in other neurons (Fig. 3A, trace d ).
Ca 2+ current dependence of low-threshold bursting
We have previously shown that SE-induced low-threshold bursting in CA1 pyramidal cells is generated by a Ca 2+ current (I Ca ) in most neurons (Sanabria et al., 2001) . To test whether a similar mechanism operates in subicular neurons from SE-experienced animals, we have examined the consequences of removing Ca 2+ from (n = 7), or adding 1 mM Ni 2+ (n = 3) to, the ACSF. All the neurons examined in these experiments ®red bursts in response to a brief stimulus. A representative experiment is illustrated in Fig. 4 . Removing Ca 2+ from the ACSF reversibly suppressed bursting in response to brief stimuli (Fig. 4A±C, panels b) , and in four neurons, also in response to long threshold-straddling stimuli (Fig. 4A±C, panels b, lower traces) . However, bursting in response to long and strong stimuli persisted in all cases (Fig. 4A±C, panels a, upper traces) . Thus, the removal of Ca 2+ from the ACSF converted the low-threshold bursters to highthreshold bursters.
Similar reversible effects were also seen after Ni 2+ application, as shown in Fig. 5 . Of the three low-threshold bursters exposed to 1 mM Ni 2+ , two became high-threshold bursters. That is, bursting to threshold stimulation was blocked (Fig. 5A±C , panels a lower traces and panels b), while bursting to strong stimuli was preserved (Fig. 5A±C, panels a, upper traces) . The remaining cell was transformed to a nonbursting mode by Ni 2+ (not shown). We could not perform similar experiments in control tissue because of the low incidence of low-threshold bursters in our experiments (see Fig. 2A ). and high threshold bursters (HTB) in control and SE-experienced rats, as well as low-threshold bursters (LTB) in SE-experienced rats. Only bursters that ®red a single spike in response to brief stimuli were included in the latter group. Nonetheless, spike ADPs were signi®cantly larger in the LTB group than in all other groups.
These results indicate that low-threshold bursting in SE-experienced subicular tissue is critically dependent on I Ca . Yet, even after I Ca suppression, most of these neurons could generate bursts in response to strong depolarizations, suggesting that I Ca is not a prerequisite for high-threshold bursting.
Ca 2+ current dependence of spike ADPs in SE-experienced subicular neurons rats
In both control and SE-experienced rats, suppression of I Ca led to a marked reduction in size of the spike ADPs in all high-and lowthreshold bursters. This effect is illustrated for high-threshold bursters ( Fig. 6A and B) in SE-experienced animals. Removal of Ca 2+ from the ACSF reduced the ADPs in high-threshold bursters by 34 T 5% (n = 6) and by 54 T 8% (n = 4) in control and SE-experienced subicular neurons, respectively (Fig. 6A) . Likewise, addition of 1 mM Ni 2+ to the ACSF progressively reduced the ADPs in the abovementioned groups by 46 T 11% (n = 2) and 39 T 5% (n = 8), respectively (Fig. 6B) . In low-threshold bursters, the burst discharge was also progressively blocked by either removal of Ca 2+ (n = 7, Fig. 6C ) or addition of 1 mM Ni 2+ (n = 3, Fig. 6D ). Although the spike ADP could not be quantitatively evaluated in the latter neurons because of the additional spikes, inspection of the initial phase of the spike ADP (as in Fig. 3 ) suggests that it was substantially blocked by either removal of Ca 2+ or addition of 1 mM Ni 2+ ( Fig. 6C and D) . These ®ndings suggest that a tail I Ca follows the spike and contributes to the generation of the ADP (Jung et al., 2001) . This current most probably provides the main depolarizing drive for low-threshold bursting in SE-experienced subicular neurons. 
Ca 2+ current independence of high-threshold bursting
We also tested the effects of I Ca suppression on high-threshold bursting in both control and SE-experienced subicular neurons. The suppression of I Ca by either removing Ca 2+ from, or adding Ni 2+ to, the ACSF, partially reduced the burst responses in only 4 of 12 control and 4 of 13 SE-experienced neurons. In the majority of cases, however, high-threshold bursting persisted unperturbed despite I Ca suppression (not shown). To verify that I Ca was indeed suppressed in these experiments, we monitored the changes in slow AHP that follows a train of action potentials (known to be generated by a slow Ca 2+ -activated K + current; Madison & Nicoll, 1984) . While the removal of Ca 2+ blocked the slow AHP, it did not affect the propensity to generate a burst in response to strong depolarizing stimuli. With very large stimuli the burst depolarization progressed into a prolonged plateau potential, most probably due to the loss of the slow Ca 2+ -activated K + current. Similar results were obtained after adding 1 mM Ni 2+ to the ACSF (not shown).
Discussion
In the present study, we report a dramatic increase in intrinsic bursting behaviour in subicular pyramidal neurons following a 40-min-long episode of SE. The most remarkable change was a sevenfold increase in the fraction of neurons generating burst discharges in response to threshold-straddling depolarizations, but the fraction of high-threshold bursters also increased substantially. We also show that bursting in these neurons is generated by a composite mechanism. Whereas low-threshold bursting is driven predominantly by I Ca , high-threshold bursting appears to be generated by another current, most probably the persistent Na + current (I NaP ).
Changes in intrinsic ®ring mode following SE
We found in slices from normal rats that the fraction of low-and high-threshold bursting neurons was 4 and 35%, respectively. The overall proportion of bursting neurons (39%) is slightly lower than that reported in previous studies (» 54% bursters; Behr et al., 1996; Behr et al., 1997) using the same methodology (i.e. sharp microelectrode recordings in adult slices maintained in an interface chamber). It is much lower than that reported by other groups either with sharp microelectrode recordings (Mattia et al., 1993; Mattia et al., 1997a; Mattia et al., 1997b) , or whole-cell patch-clamp recordings in submerged slices (Staff et al., 2000) . In these studies, 68% (Staff et al., 2000) to 100% (Mattia et al., 1997a) of the neurons were low-threshold bursters. These discrepancies are partly due to the method of classi®cation of neuronal ®ring mode. We have de®ned a burst as a tight cluster of three or more spikes, whereas the previous authors have included spike doublets in their burst counts (Mattia et al., 1997a; Staff et al., 2000) . Yet, even when considering spike doublets as bursts, the incidence of low-threshold bursters in control subicular tissue was still low (13.0%) in our study. It is hypothetically possible that bursting is reduced by the somatic shunt introduced by an impaling sharp microelectrode. However, the input resistance of subicular neurons in our study (41.5 T 2.1 MW) was even higher than the values reported for strong bursters using whole-cell patchclamp recordings (36.9 T 1.6 MW; Staff et al., 2000) , or in other studies using sharp microelectrodes (25.7 T 7.6 MW; Mattia et al., 1997a) . Additional factors that may affect the incidence of bursting neurons include the age of the animals (Franceschetti et al., 1993; Franceschetti et al., 1998) and the pH (Church & Baimbridge, 1991) and osmotic pressure (Azouz et al., 1997) of the ACSF. Whether these or other hitherto unidenti®ed factors can account for the variant proportions of bursting subicular neurons in the different studies has yet to be resolved. The fractions of high-threshold bursting subicular neurons in normal tissue reported in the present study are somewhat higher than those found in CA1 pyramidal cells using the same methodology (35% compared to 13% reported in Jensen et al., 1994) , whereas the fractions of low-threshold bursters was similarly low in both subiculum (4%) and CA1 (3%; Jensen et al., 1994; Sanabria et al., 2001) . In both regions, however, a single episode of SE caused a dramatic and enduring increase in the fraction of low-threshold bursters (from 4 to 29% in the subiculum and from 3 to 48% in CA1; Sanabria et al., 2001) and, as shown here for the subiculum, also in the fraction of highthreshold bursters (from 35 to 53%). Given that most low-threshold bursters harbour an independent, Ca 2+ -insensitive high-threshold burst mechanism (see below), the fraction of subicular neurons capable of high-threshold bursting was actually » 80%. Even so, the proportional increase in the fraction of low-threshold bursters (» sevenfold) was much higher than that of high-threshold bursters (» twofold). This increase in the fraction of low-threshold bursters following SE cannot be explained simply by assuming that SE causes a selective death of nonbursters and high-threshold bursters, because this would entail a sevenfold decrease in the number of these neurons. Though pilocarpine-induced SE leads to neuronal death, it is relatively mild in the subiculum (Covolan & Mello, 2000) . Thus, our data point to a genuine and persistent modi®cation in the ®ring behaviour of most subicular pyramidal neurons following pilocarpine-induced SE.
Ionic mechanism underlying bursting in subicular neurons
The generation of a somatic spike burst is a complex process that depends on the activation of slow inward currents by the ®rst spike during its back-propagation from the soma to the dendrites. These currents summate in the soma to produce a spike ADP which, when suf®ciently large, triggers additional spikes, each of which reinforces the afterdepolarization . In cortical regions other than the subiculum, the slow inward current mediating the spike ADP is thought to be either I Ca (Wong & Prince, 1981) or I NaP , or both. In subicular neurons, the mechanism of spike ADP and burst generation under control conditions has been controversial, some authors favouring I Ca (Jung et al., 2001 ) while others prefer I NaP (Mattia et al., 1997b) . Our data suggest that in SEexperienced subicular neurons both currents may contribute to these potentials, albeit in a distinct manner. Low-threshold bursting, which critically depends on the size of the ®rst spike ADP to sustain the discharge of the neuron, was dependent on I Ca . Suppression of this current by either Ca 2+ removal or application of 1 mM Ni 2+ consistently blocked this type of bursting. Likewise, these treatments markedly reduced the spike ADPs, indicating that a tail I Ca that follows the ®rst action potential sustains this afterpotential. A similar mechanism has been proposed to underlie low-threshold bursting in normal subicular (Jung et al., 2001) and in SE-experienced CA1 pyramidal neurons (Sanabria et al., 2001) . In contrast to lowthreshold bursting, high-threshold bursting in subicular neurons was resistant to I Ca suppression in most neurons. The most likely candidate current to generate this form of activity is I NaP , previously shown to generate high-threshold bursting in CA1 pyramidal cells Su et al., 2001) . This current may also contribute to low-threshold bursting. However, our ®nding that I Ca suppression obstructed low-threshold bursting despite the concomitant suppression of Ca 2+ -activated K + currents, suggests that I NaP cannot sustain this ®ring pattern by itself even when opposing currents are reduced.
Pathophysiological implications
The subiculum is a major target of CA1 pyramidal cell axons and provides the main output structure of the hippocampus proper (Finch & Babb, 1981; Van Groen & Wyss, 1990) . How might increased intrinsic bursting in subicular pyramidal neurons contribute to the chronic epileptic condition with spontaneous seizures, that eventually develops following pilocarpine-induced SE (Cavalheiro et al., 1991) ? Taken together with an earlier study (Sanabria et al., 2001 ), our data demonstrate increased intrinsic bursting in both CA1 neurons and subicular neurons following SE. An increased propensity to generate intrinsic bursts results in a marked augmentation of the neuronal input±output relationship (Sanabria et al., 2001) . It has been suggested that this high gain of function compared to nonbursting neurons is important in the generation of paroxysmal activity in modelling studies (Traub & Wong, 1982) . Thus, augmentation of the input±output relationships following SE may occur at two sequential stages in hippocampal signal processing. This mechanism may result in a considerable ampli®cation of hippocampal outputs which may override normally active inhibitory mechanisms.
Two lines of evidence from experiments performed in acute in vitro models of hippocampal epilepsy support the pivotal role of intrinsically bursting neurons in the generation of epileptiform activity (for review, see Yaari & Beck, 2002) . Firstly, procedures which increase the fraction of intrinsic bursters, such as reducing extracellular Ca 2+ concentration or osmolarity (Azouz et al., 1997) , or increasing extracellular K + concentration (Jensen et al., 1994) or pH (Church & Baimbridge, 1991) , invariably lead to the generation of epileptiform activity (Jefferys & Haas, 1982; Yaari et al., 1983; Aram & Lodge, 1987; Andrew et al., 1989) . Conversely, procedures which suppress intrinsic bursting, such as elevating extracellular osmolarity (Azouz et al., 1997) or applying phenytoin , are known to suppress epileptiform activity (Heinemann et al., 1985; Traynelis & Dingledine, 1989) . Secondly, spontaneously active intrinsic bursters were shown to be the forerunners of epileptiform events in vitro, while regular ®ring cells were always recruited into the synchronized population discharge only after their onset (Jensen & Yaari, 1997) . A similar role for spontaneous bursters in initiating epileptiform events has been found in CA1 several weeks after pilocarpine-induced SE (Sanabria et al., 2001) .
In summary, our ®ndings suggest that up-regulation of intrinsic bursting occurs in several temporal lobe regions following a single episode of SE. Understanding the plasticity mechanisms underlying this phenomenon would be important for developing antiepileptogenic treatments aimed at preventing the formation of an epileptogenic focus following SE, and perhaps other types of brain insults, as well as for designing novel anticonvulsant drugs aimed at suppressing the activity of the focus once it has formed.
